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In this study, a novel magnetic and pH-responsive nanocarrier was developed, incorporating both 
natural and synthetic polymers, for delivering curcumin (CUR) to breast cancer cells. For this purpose, 
CuFe2O4@poly(methacrylic acid) (CuFe2O4@PMAA) nanogel was developed and conjugated with 
amino-modified lignin (Lignin-adipic acid dihydrazide conjugate, Lig-ADH) to achieve the CuFe2O4@
PMAA@Lig-ADH nanocarrier. The morphology, structure, and physical properties of the synthesized 
nanomaterials were examined using a range of techniques, including transmission electron 
microscopy (TEM), field emission scanning electron microscopy (FESEM), Fourier transform infrared 
(FT-IR) spectroscopy, X-ray diffraction (XRD), energy dispersive X-ray (EDX), and vibrating sample 
magnetometer (VSM). The synthesized nanocarrier exhibited a spherical shape, with an average 
diameter of approximately 15 nm, and demonstrated good magnetic responsiveness. Moreover, the in 
vitro drug release was found to be pH-dependent, with an increased release rate in acidic conditions. To 
evaluate cytotoxicity, the survival of MCF-7 cells was measured using the MTT assay for 24 h. Notably, 
the synthesized CuFe2O4@PMAA@Lig-ADH@CUR and CUR exhibited significant cytotoxic effects, 
effectively eliminating MCF-7 cells with IC50 values of 39.80 µg/mL and 4.27 µg/mL, respectively. Also, 
the significant intracellular uptake of NPs was confirmed by FITC and DAPI staining after 4 h. This 
research highlighted the potential of CuFe2O4@PMAA@Lig-ADH@CUR as a highly effective nano-
delivery system and demonstrated a straightforward method for utilizing renewable lignin.
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Cancer is among the most widespread and lethal diseases, marked by uncontrolled cellular growth. If untreated, it 
can rapidly spread to other parts of the body, significantly increasing health risks and mortality1. The therapeutic 
strategy for various cancers is primarily influenced by several key factors at the time of diagnosis, including the 
tumor’s anatomical location, its dimensional extent, and the degree of disease progression2.

While chemotherapy remains a primary treatment for different cancers, it faces significant challenges. It 
lacks specificity and commonly results in adverse side effects. Additionally, drug molecules often exhibit poor 
solubility in biological fluids, and cancers can develop resistance to this form of therapy over time3,4. Accordingly, 
novel strategies are urgently required to enhance tolerance and reduce the adverse effects of chemotherapy. In 
this regard, nanotechnology is one of the most promising candidates5–9.
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Nanotechnology involves designing and utilizing nanostructures that possess distinctive chemical and 
physical properties10–21. Over the past two decades, significant advancements have been made in nanotechnology-
based materials, leading to the emergence of promising nanoplatforms characterized by low toxicity and high 
specificity in new medical technologies22–27. Nanomaterials have the potential to improve the effectiveness of 
chemotherapy drugs, potentially lowering the necessary dosage and minimizing adverse reactions28,29. Magnetic 
nanomaterials, in particular, have attracted considerable interest owing to their exceptional chemical and physical 
properties, making them highly promising for medical applications such as magnetic resonance imaging, drug 
delivery systems, and hyperthermia30–33.

Ferrites constitute a significant category of magnetic materials known for their semiconductive properties. 
Nanoscale ferrites, characterized by the chemical formula MFe2O4 (where M can be Co, Cu, Ni, Mn, or Zn), 
exhibit excellent magnetic, electrical, mechanical, and chemical properties34. These properties make them 
suitable for diverse applications, including magnetic and dielectric materials, catalysis, photoluminescence, 
water purification, photocatalysis, corrosion protection, pigments, antimicrobial agents, sensors, and biomedical 
uses35,36.

In order to achieve effective synergistic chemoradiotherapy, Salehiabar et al.37 designed a targeted nano 
radiosensitizer called CuFe2O4@serum albumin-folic acid-CUR. In vitro investigations demonstrated that the 
synthesized nano formulation exhibited excellent biosafety, a strong ability to kill tumor cells, and effective radio 
sensitization. Furthermore, in vivo studies showed high efficiency in suppressing cancer37. In another study, 
Talaei et al.38 synthesized a mesoporous nanocomposite with a core-shell nanostructure of CuFe2O4@SiO2. The 
nanocomposite demonstrated efficient loading of ibuprofen and precise control over drug release. The results 
indicated that CuFe2O4 nanoparticles (NPs) coated with mesoporous silica exhibited low cytotoxicity and also 
influenced drug release properties38.

Lignin, an amorphous polyphenol and a primary component of plant cell walls, is increasingly recognized 
for its potential in nanomedicine applications, particularly in cancer treatment39,40. This interest arises from 
lignin’s biocompatibility, biodegradability, and chemical stability. By modifying the surface properties such as 
the charge or chemical functionality of lignin-based nanomaterials, these NPs can potentially be internalized by 
tumor cells through endocytosis or phagocytosis. This process allows for the controlled release of encapsulated 
drugs, reducing adverse effects and enabling targeted cancer therapy41,42. One notable characteristic of lignin is 
its abundance of functional groups, including phenolic, carboxylic, and aliphatic hydroxyl groups. These groups 
enable various chemical modifications and adjustments of polarity, facilitating its compatibility with appropriate 
polymeric matrices43.

In recent years, researchers have increasingly focused on chemically modifying lignin for various material 
applications. One promising approach involves introducing reactive amino groups onto lignin. The introduction 
of amino groups not only improves lignin’s solubility in aqueous environments but also facilitates the conjugation 
of various bioactive molecules, enabling the development of targeted drug delivery platforms44. Zhao et al.45 
developed an innovative pH-sensitive drug delivery system utilizing self-assembling polymeric NPs. This 
platform incorporated an aminated lignin-histidine conjugate complexed with 10-hydroxy camptothecin. The 
selection of lignin as a key component was driven by its inherent biocompatibility, enhancing the potential for 
in vivo applications45.

PMAA nanogels have emerged as prominent carriers for bioactive agents due to their unique properties. 
PMAA contains abundant carboxylic acid groups within its polymer structure, allowing the nanogels to contract 
or swell in response to changes in pH levels in their environment. These ionizable groups enable the nanogels 
to expand and contract in response to pH fluctuations in their surrounding environment. Beyond their pH 
sensitivity, PMAA nanogels offer several advantageous features, including excellent biocompatibility, non-
toxicity, adjustable size, and ease of functionalization. These attributes make PMAA nanogels an ideal candidate 
for targeted drug delivery systems46,47.

To the best of our knowledge, there have been no reports on magnetic PMAA-grafted modified lignin. Herein, 
our team developed a novel drug-delivery nanocarrier based on CuFe2O4. @PMAA nanogel coated by aminated 
lignin. CuFe2O4 NPs were first synthesized. Next, CuFe2O4@PMAA was prepared via reflux-precipitation 
polymerization. Then, amino-modified lignin was prepared by the Mannich reaction. After that, the surface 
of CuFe2O4@PMAA was modified by lignin amine through chemical conjugation. Finally, pH-responsive and 
magnetic CuFe2O4@PMAA-Lig-ADH nanocomposite was utilized for CUR delivery (Fig. 1).

The chemical structure and morphology of the magnetic nanocarrier were characterized using FTIR, 
EDX, XRD, VSM, TEM, and FESEM analyses. The drug loading and pH-responsive drug release behavior of 
the magnetic nanocarrier were also evaluated. To evaluate cytotoxicity, the survival rate of MCF-7 cells was 
evaluated using the MTT assay for 24 h. Moreover, to determine the potential degradation of nanomaterials 
and enhance the efficiency of drug delivery, it is crucial to examine the intra-cellular uptake of nanomaterials. 
Under in vitro conditions, high-throughput methods such as fluorescence microscopy can precisely examine the 
cellular uptake of NPs. Therefore, this study investigated the uptake behavior of synthesized CuFe2O4@PMAA-
Lig-ADH@CUR by MCF-7 cells.

Materials and methods
Materials
Tragacanth gum was obtained from a local health food store. Alkali lignin, N, N′-methylenebis (acrylamide) 
(MBA), formaldehyde solution (37 wt%), adipic acid dihydrazide (ADH), methacrylic acid (MAA), N, N′-
diisopropyl carbodiimide (DIC) and 4-dimethylamino pyridine (DMAP) were purchased from Sigma-Aldrich. 
Biological reagents such as fetal bovine serum (FBS), phosphate-buffered saline (PBS), 3- (4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT reagent) were obtained from Invitrogen (Carlsbad, CA, USA) and 
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utilized according to their instructions. All other reagents were of analytical grade and used without further 
purification.

Material characterization
A Jasco 6300 FTIR spectrometer was used with KBr pellets to record the FT-IR spectra in the 400–4000 cm–1 
range at room temperature. Structural characterization was performed using an XRD diffractometer in the range 
of 10° < 2θ < 80°, with a Cu (Kα) radiation source (wavelength of 1.5418 Å), operated at 30 mA and 40 kV. The 
magnetic properties were measured at room temperature using VSM (Meghnatis Kavir Kashan Co., Kashan, 
Iran). EDX and FESEM measurements were carried out using a SIGMA VP 500 (Zeiss) microscope. TEM 
imaging was performed with a Philips EM10C 200 kV microscope.

Synthesis of CuFe2O4 NPs
CuFe2O4 NPs were synthesized according to our previous method with slight modifications48. First, 0.2 g of 
tragacanth gum was dissolved in 40 ml of deionized water and stirred at 70 °C for 80 min to achieve a clear 
solution. Subsequently, 2 mmol of Fe (NO2)2·9  H2O and 1 mmol of Cu (NO2)2·3  H2O were added to the 
tragacanth gum solution. The resulting mixture was stirred for 12 h at 75 °C, yielding a brown resin. The final 
product was subjected to calcination in air at 600 °C for 4 h to obtain CuFe2O4 NPs.

Synthesis of CuFe2O4@PMAA
CuFe2O4@PMAA nanogels were synthesized via a typical procedure of distillation-precipitation polymerization 
procedure. The specified amounts used in the preparation of the nanogels were selected based on an evaluation 
of previous studies focused on PMAA nanogel formulations49–51. According to these studies and our evaluations, 
we identified the optimal conditions for incorporating CuFe2O4 NPs during the preparation of PMAA nanogels. 
Briefly, 25 mg of CuFe2O4 NPs, 53 mg of MBA, 19 mg of APS, and 0.5 mL of MAA were dissolved in acetonitrile 
(ACN) in a dried 50-mL single-necked flask. The mixture was subjected to ultrasound for 10 min to achieve a 
homogeneous suspension. The reaction mixture was then heated from ambient temperature to boiling within 
30 min. The reaction was ended after approximately half of the ACN was distilled off within 1 h. The resulting 
CuFe2O4@PMAA nanogels were collected using ultracentrifugation at 15,000 rpm for 10 min and then dried 
overnight under vacuum at 50 °C.

Synthesis of Lig-ADH conjugate
0.3 g of alkali lignin was immersed in 5 mL of 0.4 M NaOH solution and stirred at room temperature to form 
a homogeneous solution. Then, 0.5  g of ADH and 0.7 mL of formaldehyde were added to the solution and 

Fig. 1. Schematic synthesis of CuFe2O4@PMAA@Lig-ADH@CUR.
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stirred magnetically at 60 °C for 5 h to ensure thorough mixing. Once the brown-black solution cooled to room 
temperature, its pH was adjusted to 5–6 using diluted HCl. Finally, Lig-ADH was collected by centrifugation, 
washed several times with deionized water, and dried under vacuum at 60 °C for 24 h (Fig. 2).

Synthesis of CuFe2O4@ PMAA@Lig-ADH
A carbodiimide-mediated coupling strategy was used to conjugate the amine functional groups of Lig-ADH to 
the carboxylic acid groups of the CuFe2O4@PMAA nanogel52. The procedure was as follows: 2.7 g of CuFe2O4@
PMAA nanogel was dispersed in 5 mL of water and stirred vigorously overnight to ensure thorough dispersion. 
To activate the carboxylate groups, 0.2 mL of DIC and 15 mg of DMAP were added to the suspension, which was 
then stirred for 1 h at 25 °C. Following activation, Lig-ADH was slowly introduced to the activated CuFe2O4@
PMAA under N2 gas. The reaction mixture was stirred for 48 h at 40 °C to facilitate the coupling. After cooling 
to room temperature, the solution was dialyzed against deionized water for three days using a dialysis membrane 
with a molecular weight cut-off of 12,000 Da to eliminate any remaining unreacted molecules. The conjugation 
reaction proceeded through an amide formation.

Preparation of CuFe2O4@ PMAA@Lig-ADH@CUR
CuFe2O4@PMAA-Lig-ADH@CUR NPs were prepared using a precipitation method. In brief, 20 mg of CuFe2O4@
PMAA-Lig-ADH and 5.0 mg of CUR were dissolved in 5 mL of ethanol. This ethanolic solution was then slowly 
added dropwise to 4.5 mL of water under vigorous magnetic stirring at 700  rpm. The reaction mixture was 
maintained at room temperature and stirred continuously for 12 h to ensure the complete incorporation of CUR 
and the formation of stable NPs. The resulting NPs were collected by centrifugation at 18,000 rpm for 30 min. To 
remove any unbound CUR and impurities, the NPs were washed several times with a mixture of deionized water 
and ethanol (75:25 v/v), followed by a final rinse with pure water. The purified CuFe2O4@PMAA-Lig-ADH@
CUR NPs were then suspended in a PBS solution for further use or characterization.

Drug loading
To determine the CUR loading, 2.0  mg of CuFe2O4@PMAA-Lig-ADH@CUR NPs were dispersed in 8 mL 
of ethanol and incubated at 37  °C overnight to ensure complete release of physically adsorbed CUR. After 
incubation, the dispersion was centrifuged at 18,000 rpm for 15 min to separate the NPs from the supernatant. 
The absorbance of the CUR-containing supernatant was then measured using a UV-vis spectrophotometer at 
428 nm. The CUR loading was calculated according to the following equations:

 
Drug loading (%) =

Weight of drug inNPs

Weight of NPs
× 100

The weight of the drug in NPs refers to the weight of the encapsulated drug, while the weight of NPs denotes the 
total weight of the corresponding drug-loaded NPs.

Drug release study
In vitro drug release was evaluated using the dialysis diffusion method. The procedure was as follows: 2 mg of 
the synthesized nano formulation was dispersed in 2 mL of PBS containing 1% (v/v) Tween 80. This suspension 
was placed in a dialysis bag with a 12 kDa molecular weight cut-off and immersed in 25 mL of PBS at 37 °C. 
At predetermined time intervals, 2 mL of the dialysate was withdrawn and replaced with an equal volume of 
fresh PBS. To assess pH-dependent drug release, the experiments were also conducted using PBS at pH 5.6. 
Moreover, we used free CUR as a control in the drug release studies, allowing for a direct comparison between 
the release profile of the encapsulated CUR and the free drug. Additionally, to ensure that the detected drug in 

Fig. 2. Schematic representation of the synthesis of Lig-ADH conjugate.
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the release medium originated solely from the encapsulated CUR, the nanogel was thoroughly washed to remove 
any unencapsulated drug prior to the experiments.

The concentration of CUR in the dialysate was determined using a UV-Vis spectrophotometer (Metrohm, 
Analytik Jena-Specord 205) at a wavelength of 428 nm, with quartz cuvettes of 1 cm optical path length (Hellma). 
All release studies were performed in triplicate to ensure reproducibility and statistical significance of the results.

Cytotoxicity assay
The Iranian Pasteur Institute provided the MCF-7 breast cancer cell line (NCBI Code: C135). The growth medium 
used for the cells was DMEM/F12 supplemented with 10% FBS, 100 µg/mL streptomycin, 100 U/mL penicillin, 
and 0.25 µg/mL amphotericin B. Cultures were kept at 37 °C in 5% CO2 humidified atmosphere. The medium 
was changed every 48 h until cells reached 70–80% confluence. Cells were then detached using trypsin-EDTA, 
seeded in 96-well plates at a density of 5 × 103 cells per well, and incubated for 24 h. To evaluate the cytotoxicity, 
MCF-7 cells were exposed to various concentrations (10, 50, 100, 200, and 500 µg/mL) of CuFe2O4, CuFe2O4@
PMAA, CuFe2O4@PMAA-Lig-ADH, CuFe2O4@PMAA-Lig-ADH@CUR, and CUR for 24 h. After treatment, 
cells were washed with PBS and incubated with 50 µL of MTT solution (5 mg/mL in PBS) for 4 h at 37 °C and 5% 
CO2. The formazan crystals were then dissolved in 200 µL of DMSO, and absorbance was measured at 570 nm 
using a spectrophotometer (Lonza BioTek ELx808 Absorbance Plate Reader). Cell viability was calculated using 
the following formula:

 
Cell viability (%) =

A570 (sample)

A570 (control)
× 100

IC50 was also calculated.

Intracellular assay with FITC and nuclear evaluation by DAPI dye
First, a FITC solution (5 mg/mL) was combined with a synthesized nanoparticle suspension (1 mg/mL) and 
left to incubate overnight under dark conditions for fluorescent labeling. Following this, the samples were 
centrifuged and repeatedly washed with sterile double-distilled water (ddH2O) until the supernatant was clear. 
To prepare a sufficient quantity of MCF-7 cells for intracellular analysis, 2 × 105 cells per well were incubated in 
a 6-well plate for 24 h.

Finally, FITC-labeled samples were introduced into MCF-7 cells at the IC50 concentration and incubated 
for 4 h to assess the cellular uptake kinetics of the synthesized sample. To evaluate the nuclear structure, DAPI 
(4′,6-diamidino-2-phenylindole) staining was performed. After 24 h of sample exposure, the cells were washed 
with PBS, fixed with 4% (v/v) paraformaldehyde for 30 min, and then rinsed twice with PBS. The cells were then 
stained with DAPI dye (Sigma-Aldrich, USA) and rinsed three times with PBS. Subsequently, the cells on wells 
(n = 3) were examined using a fluorescent microscope (Cytation 5 Cell Imaging Multi-Mode Reader) to visualize 
and analyze the cellular.

Statistical analysis
The cytocompatibility and cytotoxicity data were analyzed using GraphPad Prism version 8.0 software (GraphPad 
Software Inc., San Diego, CA, USA). Statistical comparisons between groups were performed using one-way 
analysis of variance (ANOVA). A P-value of ≤ 0.05 was considered statistically significant for all analyses.

Result and discussion
FTIR analysis
As shown in Fig. 3a, the characteristic peak of lignin at 3425 cm− 1 corresponds to the stretching vibrations of 
the O–H group. The C–H bending vibrations in methyl and methylene groups caused the appearance of the peak 
at 1408 cm− 1. The stretching bands at 1600 cm− 1 are attributed to the aromatic rings in alkali lignin, and the 
peak at 1123 cm− 1 is attributed to C–O stretching. The ADH IR spectrum illustrated bands at 3314.82, 3179.58, 
3047.27, 1644.34, 1532.85, and 1034.87 cm− 1 due to the ʋ(NH2)s, ʋ(NH2)as, ʋ(NH), ʋ(C = O), amide II, and 
ʋ(N–N) vibrations, respectively (Fig.  3b)53. The characteristic curve of Lig-ADH exhibited several notable 
changes: the peaks at 2928.90 cm− 1 and 2850.80 cm− 1 were significantly stronger (corresponding to C-H stretch 
vibration in methylene), a new peak appeared at 1194.76 cm− 1 (attributed to C-N stretching vibration), and a 
wider peak at 3415.98 cm− 1 was observed due to the coexistence of O–H and N–H in Lig-ADH. Additionally, 
the characteristic peaks at 1663.41, 1410.28, and 1346.49 cm− 1 were ascribed to the deformation vibrations of 
amide (Fig. 3c). These characteristic peaks indicate that AL-ADH has been successfully synthesized.

The FT-IR spectrum of CuFe2O4 NPs (Fig. 4a) revealed several characteristic absorption bands. The band 
at 579.64 cm− 1 was attributed to the stretching vibration of tetrahedral complexes. A broad absorption band 
centered at 3415.58 cm− 1 represented the stretching mode of H2O molecules and OH groups. Additionally, 
the absorption band at 1617.80 cm− 1 in the spectrum was associated with the vibration of residual H2O in the 
sample54. CUR showed its signature peaks at 3416.73 cm− 1 (phenolic O-H stretching vibration), 1641.72 cm− 1 
attributed predominantly to the overlapping stretching vibrations of alkenes (C = C) and carbonyl (C = O) 
character, C = C aromatic stretching vibration at 1402.03 cm− 1, 1162 cm− 1 attributed to the bending vibration 
of the aromatic C–O stretching, 995.81 cm− 1 (C–O–C stretching vibrations) (Fig. 4b)55. In the case of CuFe2O4@
PMAA, 3227.10 cm− 1 associated with O-H stretching, 2925.52 cm− 1 (C-H stretching vibrations), 1701.21 cm− 1 
(C = O stretching vibration), 1420.38 cm− 1 (C-H bending), the formation of a characteristic peak at 598.62 cm− 1 
was demonstrated (Fig. 4c).

For CuFe2O4@PMAA@Lig-ADH, 3247.53 cm− 1 corresponds to N-H stretching vibrations, 2929.97 cm− 1 
(C-H stretching vibrations from alkyl groups), 1704.58 cm− 1 characteristic of C = O stretching, 1521.35 cm− 1 
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associated C = C stretching in aromatic rings, 1447 cm− 1 (C-H bending in methyl groups), 1410.07 cm− 1 indicate 
O-H bending in carboxylic acids, 1245.33 cm− 1, 1164.95 cm− 1 and 1026.52 cm− 1 Suggests C-O stretching, 
963.56 cm− 1 associated with = C-H bending, and the formation of a characteristic peak at 583.44 cm− 1 was 
demonstrated (Fig. 4d).

For CuFe2O4@PMAA@Lig-ADH@CUR NPs, 3404.35  cm− 1 associated with O-H stretching vibrations, 
2934.79 cm− 1 (C-H stretching vibrations from methyl), 1627.89 cm− 1 indicative C = O stretching in amides, 
1602.49  cm− 1 associated with C = C stretching vibrations from an aromatic ring, 1510.98  cm− 1 (N-O 
asymmetric stretch), 1429.20  cm− 1 (C-H bending vibrations), 1345.80  cm− 1 (Symmetric NO2 stretching), 
1282.35 cm− 1 (C-O stretching), 1154.30 cm− 1 (C-N stretching vibrations in amines), 1090.81 cm− 1 (C-O-C 
stretching vibrations), 963.84 cm− 1 indicative of = C-H bending, 814.59 cm− 1 (Out-of-plane bending vibrations 
of substituted aromatic compounds), and 576.71 cm− 1 (Metal-oxygen stretching vibrations) (Fig. 4e).

FESEM, TEM, and zeta potential analyses
The FESEM image presented in Fig.  5a clearly shows the CuFe2O4@PMAA@Lig-ADH composite. From the 
FESEM imaging, we can deduce that the CuFe2O4@PMAA@Lig-ADH was successfully synthesized in situ 
alongside Lig-ADH, as evidenced by the spherical morphology of the sample. In contrast, the TEM image 
reveals that the synthesized nanocarrier is smaller than the FESEM image. The CuFe2O4@PMAA@Lig-ADH 
particles had an average diameter of approximately 15 nm (Fig. 5b). According to the literature, CuFe2O4 has a 

Fig. 4. FTIR spectra of (a) CuFe2O4, (b) CUR, (c) CuFe2O4@PMAA, (d) CuFe2O4@ PMAA@Lig-ADH, and 
(e) CuFe2O4@ PMAA@Lig-ADH@CUR NPs.

 

Fig. 3. FTIR spectra of (a) alkali lignin, (b) ADH, and (c) Lig-ADH.
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Fig. 5. (a) FESEM image and corresponding size distribution histogram of CuFe2O4@PMAA@Lig-ADH, 
(b) TEM image and corresponding size distribution histogram of CuFe2O4@PMAA@Lig-ADH, and (c) Zeta 
potential analysis of CuFe2O4@PMAA@Lig-ADH@CUR.
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spherical shape54 and it appears in the mentioned composite FESEM and TEM. It has also been reported that 
when different methods are used for the synthesis of CuFe2O4 magnetic NPs, it is effective in their size56.

The zeta potential is a critical factor in determining the stability of colloidal system. When particles in 
suspension possess a uniform charge, either all negative or all positive, electrostatic repulsion between them 
prevents aggregation, thereby enhancing the system’s stability. This repulsion is directly tied to the zeta potential, 
which influences not only the suspension’s stability but also the behavior of NPs in biological systems, such 
as their circulation in the bloodstream and their interaction or adhesion to cell layers. In this study, the zeta 
potential of CuFe2O4@PMAA@Lig-ADH@CUR was determined to be -19.9 mV (Fig. 5c).

This negative charge, combined with the nanoparticle’s small size of 15 nm, as measured by TEM analysis, 
makes CuFe2O4@PMAA@Lig-ADH@CUR a promising candidate for various biomedical applications, including 
in vitro, in vivo, and preclinical studies.

EDX and mapp analysis
The EDX spectrum depicted in Fig. 6a for the CuFe2O4@PMAA@Lig-ADH composite demonstrated that the 
Cu and Fe elements were predominantly incorporated within the nanocomposites as a CuFe2O4. The presence of 
PMAA and Lig-ADH were validated by the peaks of C and O. Additionally, the peaks corresponding to O and C 
may also be indicative of the presence of CuFe2O4. Based on the literature, the concentrations of copper and iron 

Fig. 6. (a) EDX analysis and (b) element mapping of CuFe2O4@PMAA@Lig-ADH.
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in CuFe2O4 NPs were determined to be 4.25 mmol/g and 7.67 mmol/g, respectively, using ICP-AES54. Also, in 
the literature, according to EDX studies, it has been shown that the atomic percentage is close to stoichiometry. 
For example, for CuFe2O4 NPs, a ratio of 1:2:4 has been reported for Cu: Fe: O: respectively56. Map analysis 
further corroborated the elemental distribution, revealing that the Cu and Fe elements were homogeneously 
dispersed throughout the CuFe2O4@PMAA@Lig-ADH composite (Fig. 6b).

VSM analysis
Figure 7 presents the magnetization curves for both CuFe2O4 and CuFe2O4@PMAA@Lig-ADH. It is evident that 
each sample exhibits ferrimagnetic characteristics, complete with a hysteresis loop. The saturation magnetization 
values were approximately 15 emu/g for CuFe2O4 and 5.5 emu/g for CuFe2O4@PMAA@Lig-ADH. Of course, 
this amount is also reported as 29.34 emu/g48 and 45 emu/g54 for CuFe2O4-NPs in the literature. In a study, the 
saturation magnetization value of Fe3O4@PMAA composite was reported 40.4 emu/g57.

The saturation magnetization in spinel ferrites can be attributed to the distribution of cations. Specifically, 
CuFe2O4 is a reverse spinel containing two types of magnetic cations: Cu2+ and Fe3+. Within the structure, half 
of the Fe3+ ions are situated in tetrahedral positions, while the remainder, along with all Cu2+ ions, are located 
in octahedral sites.

XRD pattern
Figure 8 displays the XRD pattern for the CuFe2O4 MNPs. The XRD analysis reveals distinct diffraction peaks at 
2θ values of 30.25°, 35.88°, 37.50°, 43.06°, 54.07°, 57.51°, and 62.69°, which correspond to the crystallographic 
planes (220), (311), (222), (400), (422), (511), and (440), respectively. These peaks confirm the formation of a pure 
cubic structured ferrite, as indicated by the JSPDS Card no. 75-1517, with lattice parameters a = b = c = 8.341 Å. 
The observed diffraction pattern aligns well with the literature48,58, which also reported similar peak positions for 
CuFe2O4 NPs, confirming the consistency of our findings with previous studies. Importantly, our XRD analysis 
shows no signs of extraneous impurity peaks, further supporting the purity of the synthesized NPs. X-ray 
diffraction studies on standard PMAA adsorbent reveal, as documented in the literature, that the diffractogram 
is devoid of distinct peaks across the entire 2θ spectrum. This indicates the polymer’s lack of crystallinity, 
classifying it as an amorphous solid. Existing studies indicate that the XRD pattern for electrospun lignin is 
characterized by a distinct diffraction peak at a 2θ = 17°59. The presence of this peak in the X-ray diffraction of 
CuFe2O4@PMAA@Lig-ADH demonstrates that lignin has been successfully incorporated into the composite 
structure.

Drug loading and in vitro release study
The CUR loading mechanism in CuFe2O4@PMAA@Lig-ADH involves a combination of physical adsorption 
and chemical interactions. Lig-ADH functionalized CuFe2O4@PMAA nanogel contributes to the formation of 
π-π stacking interactions and hydrogen bonds with CUR, which promote effective loading. Additionally, the 
PMAA component provides a hydrophilic environment that enhances the solubility of CUR and facilitates its 
diffusion into the polymer matrix. The loading capacity of CuFe2O4@PMAA@Lig-ADH@CUR was calculated 
to be 11.55 ± 0.41.

The in vitro release profile of CUR from the synthesized CuFe2O4@PMAA-Lig-ADH nanocarrier was 
investigated over a 120-hour period. The study was conducted in PBS at two distinct pH levels: 7.4 and 5.6, with 
the addition of 1% (v/v) Tween 80 to enhance CUR solubility. The neutral pH of 7.4 was chosen to simulate 
blood and plasma conditions, representing the environment encountered during intravenous administration. 
Conversely, the acidic pH of 5.6 was selected to mimic the tumor microenvironment, which is characteristically 

Fig. 7. Magnetization curve of CuFe2O4 and CuFe2O4@PMAA@Lig-ADH.
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more acidic than normal tissues. The development of a pH-responsive drug delivery system is a very promising 
strategy for cancer treatment, as the pH of the tumor microenvironment is lower than that of normal tissue. 
Additionally, this method can enhance drug accumulation in tumor tissues as opposed to normal tissues and 
lessen the adverse effects of chemotherapy.

Figure  9 illustrates the drug release profile of CUR from the CuFe2O4@PMAA-Lig-ADH nanocarrier, 
demonstrating a pH-dependent release behavior in a sustained and controlled manner. The release of CUR was 
faster under acidic conditions compared to normal physiological conditions. Approximately 79% of CUR was 
released from the nanocarrier at pH 5.6 after 120 h, whereas at physiological pH (7.4), around 50% of the loaded 
CUR was released. The observed controlled release behavior can be attributed to the interaction between CUR 
and the nanocarrier matrix, which likely slows the diffusion of CUR from the nanoparticle core. In comparison, 
the release profile of free CUR, which served as a control, showed rapid release kinetics under identical 
conditions. This rapid release highlights the diffusion of unencapsulated CUR and serves as a baseline for the 
release kinetics of CUR in the absence of the nanocarrier. By comparing these profiles, it was confirmed that the 
CUR detected in the release medium from the nanoformulation study originated solely from the encapsulated 
drug. The control study thus rules out any potential contribution from free CUR, reinforcing the conclusion that 
the nanocarrier effectively encapsulated and modulated the release of CUR.

In-vitro cytotoxicity assay
In vitro cytotoxicity tests on MCF-7 cells at different concentrations (10, 50, 100, 200, and 500 µgmL− 1), were 
conducted to assess the synthesized nanoparticle cytotoxicity. In the cytotoxicity method during 24 h, CuFe2O4@
PMAA-Lig-ADH@CUR and CUIR demonstrated higher toxicity activity than CuFe2O4, CuFe2O4@PMAA, and 

Fig. 9. In vitro release of CUR from CuFe2O4@PMAA-Lig-ADH@CUR at pH 5.6 and 7.4, and free CUR (Data 
represent mean ± SD; n = 3).

 

Fig. 8. XRD Spectrum of CuFe2O4 and CuFe2O4@PMAA@Lig-ADH.
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CuFe2O4@PMAA-Lig-ADH in all concentrations (Fig. 10). Based on our results, it is clear that the IC50 dose for 
CuFe2O4, CuFe2O4@PMAA, and CuFe2O4@PMAA-Lig-ADH was 194.26, 498.96, and 482.72 µgmL− 1, while 
the IC50 was (39.80 and 4.27 µgmL-1), when MCF-7 cells were treated with CuFe2O4@PMAA-Lig-ADH@CUR 
and CUR. Also, significant toxicity was observed for both the CuFe2O4@PMAA-Lig-ADH@CUR and CUR at 
all concentrations after incubation for 24 h, which decrease in cell viability was more obvious in Cur (Fig. 10). 
Despite administering a low dose of CUR (10 µgmL− 1), the cell viability percentage of MCF-7 cells significantly 
decreased. Interestingly, a similar decrease was observed with CuFe2O4@PMAA-Lig-ADH@CUR at comparable 
concentrations. The anti-cancer property of the CUR is likely to account for its awful toxicity effect. Notably, 
our synthesized NPs exhibit controlled release of pure CUR, confirming their cytocompatibility for in vivo 
biomedical applications.

Intracellular uptake kinetics evaluated by fluorescent microscopy
To highlight the key steps and interactions that lead to increased cell cytotoxicity of a nanoparticle, we can break 
down the process into several critical components: The first and most important test is “nanoparticle uptake and 
accumulation” which is the main aim of our study and analyzed it by FITC-conjugation and followed it with a 
fluorescent microscope (Fig. 11). For the evaluation of cell cytotoxicity, the nanoparticle must be efficiently taken 
up by the target cells, firstly. This can occur through passive diffusion, active transport, or endocytosis. Once inside 
the cell, the nanoparticle accumulates to a concentration sufficient to exert its cytotoxic effects. By understanding 
this key step, researchers can better design nano-drugs to maximize their cytotoxic effects while minimizing 
side effects. So, we evaluated intracellular uptake and nuclear effects of both the CuFe2O4@PMAA-Lig-ADH, 
and CuFe2O4@PMAA-Lig-ADH@CUR samples using its IC50 dosage (39.80 and 4.27 µgmL-1). The Cytation 5 
Cell Imaging Multi-Mode Reader was employed for fluorescence microscope imaging to assess the morphology 
of MCF-7 cells. These cells were exposed to FITC-labeled CuFe2O4@PMAA-Lig-ADH, and CuFe2O4@PMAA-
Lig-ADH@CUR for 4 h. The resulting image revealed that most of the FITC-labeled synthesized NPs were taken 
up by MCF-7 cells via endocytosis. The green fluorescence observed throughout the cytoplasm indicated that 
the CuFe2O4@PMAA-Lig-ADH, and CuFe2O4@PMAA-Lig-ADH@CUR were internally localized within the 
cells. These initial findings have significant implications for biomedical applications, particularly in the realm 
of intracellular drug delivery. The study highlights the anticancer effect and rapid internalization potential of 
CuFe2O4@PMAA-Lig-ADH, and CuFe2O4@PMAA-Lig-ADH@CUR nanomaterials. To delve deeper, the 
researchers employed DAPI staining to investigate the apoptosis-inducing properties of these nanomaterials, 
alongside their anticancer effect. Surprisingly, the synthesized CuFe2O4@PMAA-Lig-ADH NPs were found to 
be non-toxic to DNA compared to CuFe2O4@PMAA-Lig-ADH@CUR. However, they did exhibit a decrease 
in cellular viability and fragmentation of chromatin. The merged fluorescent DAPI and FITC images further 
confirmed both their anticancer effect (Fig. 11).

The specific mechanisms by which these nanogels increase ROS involve interactions at the cellular level, 
possibly through the generation of free radicals or interference with cellular antioxidant systems60. Previous 
published papers showed that the CuFe2O4@PMAA nanogel has been studied for its effects on reactive oxygen 
species (ROS) in cell cultures60,61. These nanogels, when conjugated with amino-modified lignin, can increase 
ROS levels in cells. This increase in ROS can lead to oxidative stress, which can induce apoptosis (programmed 

Fig. 10. Cell viability percentage graph of MCF-7 cell after treatment with optimal concentrations of CuFe2O4, 
CuFe2O4@PMAA, CuFe2O4@PMAA-Lig-ADH, CuFe2O4@PMAA-Lig-ADH@CUR, and CUR; the error barres 
in all columns are reported as mean ± SEM (*** = P < 0.001, ** = P < 0.01, * = P < 0.05).
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cell death), leading to potential cytotoxic effects in cancer cells. So according to our result, this nanogel is 
potentially useful in cancer therapies.

Conclusion
In summary, we synthesized magnetic and pH-sensitive nanocarrier based on CuFe2O4@PMAA coated with 
a lignin-ADH conjugate (CuFe2O4@ PMAA@Lig-ADH) for efficient CUR delivery to breast cancer cells. The 
synthesized nanocarrier exhibited a spherical shape, with an average diameter of approximately 15  nm, and 
demonstrated good magnetic responsiveness. The in vitro drug release of synthesized NPs was evaluated under 
both neutral (pH 7.4) and acidic (pH 5.6) conditions. The in vitro drug release was pH-dependent and increased 
in an acidic medium, confirming the significant potential of nanocarrier for in vivo biomedical applications. The 
cytotoxicity of synthesized compounds, including CuFe2O4, CuFe2O4@PMAA, CuFe2O4@PMAA-Lig-ADH, 
CuFe2O4@PMAA-Lig-ADH@CUR and CUR was evaluated using the MTT method on MCF-7 cells at 10, 50, 100, 
200, and 500 µg/mL. Notably, CuFe2O4@PMAA@Lig-ADH@CUR and CUR exhibited higher toxicity compared 
to CuFe2O4, CuFe2O4@PMAA, and CuFe2O4@PMAA@Lig-ADH across all concentrations. Specifically, the IC50 
values for CuFe2O4, CuFe2O4@PMAA, and CuFe2O4@PMAA@Lig-ADH were 194.26, 498.96, and 482.72 µg/
mL, respectively. In contrast, the IC50 values for CuFe2O4@PMAA@Lig-ADH@CUR and Cur were significantly 
lower at 39.80 and 4.27 µg/mL, respectively, when treating MCF-7 cells. This work demonstrated that CuFe2O4@
PMAA @Lig-ADH@CUR NPs provides beneficial potential in targeting the delivery of antitumor drugs and 
applications into the cancer therapy by FITC and DAPI stain.
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